Flow cytometry files have been deposited into Figshare (<http://dx.doi.org/10.6084/m9.figshare.1555748>).

Introduction {#sec001}
============

Dinoflagellates are haploid microalgae extensively studied with respect to their worldwide occurrence, toxicity, and capacity to become ecologically dominant. These organisms form an exceptional group among eukaryotes due to the many peculiarities of their physiology \[[@pone.0142667.ref001]\] and enormous genome, which may be as large as 185 Gb \[[@pone.0142667.ref002]\] and consists of hundreds of chromosomes that lack both histones \[[@pone.0142667.ref003],[@pone.0142667.ref004]\] and nucleosomes, but which are organized along a cholesteric crystal structure that ensures their maintenance in a permanently semi-condensed and visible state \[[@pone.0142667.ref005]--[@pone.0142667.ref007]\].

There are dozens of dinoflagellate species described to exhibit facultative sex \[[@pone.0142667.ref008],[@pone.0142667.ref009]\]. Thus, under non-optimal conditions (generally related to nutrient deficiency) haploid vegetative cells differentiate into gametes, which mate and form diploid zygotes and, in turn, benthic cysts, which are better able than vegetative cells to resist stressful environmental conditions. After the cysts complete their mandatory dormancy period and if the environmental conditions are favorable for cyst germination, division of the germinated cell restores the haploid stage. However, because sexual processes in dinoflagellates are often cryptic and unpredictable, the relative importance of sexuality in their life histories is unclear. Dinoflagellates are first and foremost haploid, because reductive divisions are a characteristic of their zygotes. During these divisions, the nucleus undergoes a highly specialized process, known as nuclear cyclosis \[[@pone.0142667.ref010],[@pone.0142667.ref011]\], that results in rapid chromosomal movement and is related to meiosis \[[@pone.0142667.ref012],[@pone.0142667.ref013]\]. Early studies on chromosomal segregation patterns suggested that dinoflagellate meiosis is unusual \[[@pone.0142667.ref014]\], occurring in a single step in which homologous unreplicated chromosomes in a diploid cell form pairs that are then distributed among the haploid daughter cells. This type of meiosis differed from ordinary mitosis in a haploid cell only by the origin of the chromatid pairs that are split after metaphase. However, it was later established that meiosis in dinoflagellates generally proceeds by a more conventional two-step process but with a delay in the second division \[[@pone.0142667.ref015]--[@pone.0142667.ref018]\].

Nonetheless, this general model has been questioned. For example, zygotes often undergo planktonic division and thereby skip encystment. This behavior was first suggested by Uchida et al. \[[@pone.0142667.ref019]\] and subsequently confirmed at the nuclear level in several species belonging to the genera *Alexandrium*, *Gymnodinium*, and *Lingulodinium* (e.g., \[[@pone.0142667.ref020],[@pone.0142667.ref021]\]). The haplontic model, presumed to apply to all dinoflagellates except for the diploid *Noctiluca* was recently shown to have another exception in *Polykrikos kofoidii*, which has a diplohaplontic life cycle based on evidence indicating that its zygotes either encyst and undergo meiosis (evidenced by cyclosis) or directly enter the growth cycle through what seems to be mitotic division \[[@pone.0142667.ref022]\]. That study supported a previous observation of mitosis in zygotes of *Cystodinium bataviense* \[[@pone.0142667.ref023]\].

Accordingly, either the dinoflagellate life cycle cannot be described in a single, general model or the model is more complex than originally formulated and must take into account cryptic sexuality. Sexuality is difficult to induce in the laboratory, involves complex mating patterns (e.g. \[[@pone.0142667.ref024]\]), and produces sexual stages that morphologically are almost identical to asexual stages (see review in \[[@pone.0142667.ref025]\]). Therefore, in laboratory studies the sexual interactions of dinoflagellates that occur under natural conditions may be easily overlooked (e.g. \[[@pone.0142667.ref026],[@pone.0142667.ref027]\]). In fact, recent studies of blooming dinoflagellate populations showed unexpected genetic variability in populations believed to be the result of predominantly asexual, mitotic growth (e.g., \[[@pone.0142667.ref028]--[@pone.0142667.ref030]\]).

In this study, we followed DNA content and nuclear/chromosomal changes through the process of sexual induction and encystment in a sexual laboratory population of dinoflagellates using imaging flow cytometry, cell sorting and Fluorescence In Situ Hybridization (FISH). Our focus on one of the most well-studied dinoflagellate species, toxic bloom-forming *Alexandrium minutum*, led us to question the established dinoflagellate life cycle model, as our results clearly demonstrate that planktonic zygotes undergo an encystment-independent form of division that follows a diel and light-dependent rhythm similar to that of the haploid, mitotic cycle. This previously unknown division cycle challenges the paradigm of rare sex in *A*. *minutum* and probably in other species as well. We end our report by discussing the implications of our findings and suggest that the frequency of sex in this eukaryotic, facultatively sexual group has been greatly underestimated.

Materials and Methods {#sec002}
=====================

Ethics Statement {#sec003}
----------------

No activity during this study involved any endangered species or protected species.

Culture maintenance {#sec004}
-------------------

The dinoflagellate strains used in this study were *A*. *minutum* Mediterranean strains AL10C and VGO577, regularly maintained at the Centro Oceanográfico de Vigo (CCVIEO; Culture Collection of Harmful Microalgae of the Spanish Institute of Oceanography). AL10C and VGO577 were isolated in 2002 from Estartit (Spain) and near Girona (Spain), respectively. Both strains were cloned in 2012, resulting in clone H5 and clone H7 respectively \[[@pone.0142667.ref031]\]. In this study, they were cultured at a temperature of 19.5°C ±1°C with an approximate illumination of 90 μmol photons m^-2^ s^-1^ and a photoperiod of 12:12 h light:dark (L:D), with the light period starting at 08:00 h and finishing at 20:00 h. The cells were grown and maintained in L1 medium \[[@pone.0142667.ref032]\] without added silica. The medium was prepared with Atlantic seawater and adjusted to a salinity of 30 psu by the addition of sterile distilled water.

Experimental setup {#sec005}
------------------

The experiment was carried out in two Erlenmeyer flasks, one containing a clonal culture and the other a mixture of two sexually compatible clones (cross culture). When the stock clonal cultures of H5 and H7 reached a concentration of 8,000--10,000 cells mL^-1^ (corresponding to the exponential growth phase), they were transferred to complete darkness for 66--70 h, following the method of Taroncher-Oldenburg et al. \[[@pone.0142667.ref033]\]. These synchronized stocks of the clonal and cross cultures served as the inoculum in subsequent experiments. In the following, we will denominate the period of time (days or hours) after the cultures are returned to the light as time post-synchronization, abbreviated as "PS".

Clonal culture: To establish asexual growth, approximately 2000 cells of clonal strain H7 mL^-1^ were inoculated into fresh complete L1 medium. Sampling started 27hs PS after inoculation to allow cell recovery and the initiation of division. Samplings were performed every other hour during two 24-h L:D periods on days PS2 (second L:D period) and PS3 (third L:D period) to assess exponential growth in the absence of nutrient limitation, as sexuality may be induced even in nutrient-limited cultures, even if they are clonal (e.g., \[[@pone.0142667.ref021]\]). The culture was screened for the presence of resting cysts until day PS20.

Cross culture: Sexuality was induced by inoculating 1000 cells mL^-1^ from each clonal culture (H5 and H7) into fresh L1 medium without added phosphates. Sampling started 48hs PS to allow cell recovery and zygote formation, as reported by Figueroa et al. \[[@pone.0142667.ref034]\]. Samplings were performed every other hour during four 24-h L:D periods on days PS3, PS4, PS5, and PS8 ([Fig 1A](#pone.0142667.g001){ref-type="fig"}) by collecting one sample every other hour and starting and finishing each cycle at 09:00 h. One duplicate sample was taken on day PS15, when cyst formation had reached a maximum (cyst sample, [Fig 1A](#pone.0142667.g001){ref-type="fig"}).

![1A. Growth and resting cyst production in the cross culture. 1B. Percentage of cells in the different phases of the cell cycle during the four L:D periods studied in the cross culture.](pone.0142667.g001){#pone.0142667.g001}

Sampling {#sec006}
--------

An automatic water sampler (AWS, EnviroTech Instruments, Chesapeake, VA, USA) was used to collect 50-mL samples every other hour, allowing 1 min of programmed soft magnetic shaking (5 rpm, Variomag Biosystem Stirrer for Cell culture, Thermo Fisher Scientific Inc.) just before sampling. For the determination of absolute cell and resting cyst numbers, two 2-mL samples were collected manually each day, fixed with Lugol, and counted in an inverted microscope at 100× magnification using a Sedgwick-rafter chamber. At least 400 cells were counted.

Flow cytometry analyses {#sec007}
-----------------------

### Imaging flow cytometry (IFC) {#sec008}

Each 50-mL sample was filtered through a 5.0-μm-pore-size membrane filter (Millipore, Ireland), fixed with 0.5% formaldehyde for 10 min, and centrifuged at 5000 × g for 5 min. The pellet was resuspended in 2--5 mL of cold methanol and stored for at least 12 h at 4°C to facilitate chlorophyll extraction. The cells were then washed in PBS (pH 7, Sigma-Aldrich, St. Louis, MO, USA) and the pellet was resuspended in staining solution \[30 μg propidium iodide (Sigma-Aldrich) mL^-1^ and 100 mg RNaseA (Sigma-Aldrich) mL^-1^ in PBS\] for at least 3 h in darkness before analysis. A Flow Sight image flow cytometer (Amnis, Seattle, WA, USA) equipped with two lasers, emitting at 488 and 405 nm, was used. The samples were run at low speed and data were acquired until 15,000--50,000 events had been recorded. Ideas 6.0 (Amnis) and FlowJo 7.6 (Tree Star, Ashland, OR, USA) were used to compute peak numbers, coefficients of variation (CVs), and peak ratios for the DNA fluorescence distributions in a population. CVs were usually \<7; those \>10 were discarded from the analyses.

### Cell-cycle analyses by IFC {#sec009}

The gradient root mean square was used to select focused cells, which have a higher gradient than unfocused cells \[[@pone.0142667.ref035]\]. Aggregates were eliminated based on cellular area and nuclear fluorescence. The results were verified visually by evaluating and comparing the images of discarded and retained populations. Each cell cycle phase was delimited by means of a histogram of propidium iodide fluorescence using 405-nm laser excitation, since emission at 488 nm (also recorded) was saturated even at minimum power. Cells were classified as \"individual\" or as in \"two-cell chains\" according to the nuclear-aspect ratio (width vs. height of the mask used to more precisely adjust the area to the U-shaped nucleus). The precision of the adjustment was determined manually in the control sample by analyzing the acquired images, which allowed the construction of a general template for all samples. Cell cycle control regarding the position and variability of C and 2C peaks was assessed in the clonal culture (H7) kept in darkness for 72h, without a light phase, which prohibited a shift to S phase \[[@pone.0142667.ref033],[@pone.0142667.ref034]\].

Cell sorting: Cells at the different DNA content peaks (\>200 cells per population) were sorted at low speed and in high purity mode in a SH800Z cell sorter (Sony Biotechnology Inc.) equipped with a 488 nm diode laser.

Growth parameters {#sec010}
-----------------

The specific growth rate \[[@pone.0142667.ref036]\] was estimated as K′ = $\frac{Ln\left( \frac{N2}{N1} \right)}{t2 - t1}$, where N1 and N2 are the cell counts at times t1 and t2 of the exponential phase of growth.

Divisions per day were calculated as Div.day^-1^ = $\frac{K^{\prime}}{Ln2}$

Optical microscopy {#sec011}
------------------

Cells in sorted cells and whole samples from the clonal and cross cultures were imaged at 1000× magnification (Leica DMR, Germany) using a microscope camera (Axiocam HRC, Zeiss, Germany). They were treated as described for the flow cytometry analyses except that the nuclei were stained with DAPI (2 μg mL^-1^) and the thecal plates with Calcofluor.

Fluorescence in situ hybridization (FISH) {#sec012}
-----------------------------------------

### Slide preparation {#sec013}

The cells were harvested by gentle centrifugation at 1200 × g, treated with Liquinox as described in \[[@pone.0142667.ref037]\], and fixed in ethanol:acetic acid 3:1 (v/v) for at least 24 h. The fixed cells were then squashed onto clean microscope slides in a drop of 45% acetic acid. The slides were frozen, the coverslips were removed, and the sample allowed to air dry.

### DNA probes {#sec014}

Plasmid pTa71 was used as the DNA probe to map the rDNA genes. It contains a 9-kb *Eco*RI fragment from *Triticum aestivum* that includes the 18S-5.8S--26S rDNA region and intergenic spacers \[[@pone.0142667.ref038]\]. pTa71 was labeled with digoxigenin-11-dUTP using a kit from Roche (Dig-nick translation mix).

Telomeres were detected using the deoxyribonucleotide oligomer probe (5´-CCCTAAA-3´)~3~, synthesized with Dy547 (red), at both ends (Isogen Life Science).

### Procedure {#sec015}

Cell preparations from the 4^rd^ L:D and 8^th^L:D from the sexual culture and from the 1^st^ L:D from the clonal culture were incubated with DNase-free RNase A, post-fixed in freshly depolymerized 4% (w/v) paraformaldehyde, dehydrated in a graded ethanol series, and air-dried as described in \[[@pone.0142667.ref039]\]. The cells were then denatured by placing the slides in an incubator at 75°C for 7 min, with the temperature controlled using a programmable thermal controller (PT-100, M.J. Research) Hybridization was carried out by the addition of 30 μL of hybridization mixture (50% deionized formamide, 10% dextran sulfate, 2× SSC, and 0.33% SDS) containing 100 ng of the digoxigenated pTa71 probe and 2 pmol of the directly labeled telomeric oligonucleotide probe to each slide preparation, followed by incubation at 37°C, usually overnight. Post-hybridization washes of the slides were done in Coplin jars for 10min with 4× SSC/Tween20 at room temperature. The digoxigenin-labeled ribosomal probe was detected by incubating the slides in fluoresceinated anti-digoxigenin (Roche Applied Science) in 5% (w/v) BSA for 1 h at 37°C. No immunocytochemical procedures were required for the detection of the Dy-547 telomeric probe. The slides were rinsed for 10 min in 4× SSC/Tween20, DNA-stained with DAPI, and mounted in antifade solution (Vector Laboratories).

Microscopic analyses were conducted using an epifluorescence Axiophot Zeiss system. Images were captured with a cooled CCD camera AxioCam MRc and merged using Adobe Photoshop. The images were optimized for best contrast and brightness using the same program but only those functions that treated all pixels in the image equally.

### Statistical analyses {#sec016}

Analyses were performed using the statistical and programming software R 2.1.12 (R Development Core Team, 2012), packages "ggplot2" and "scales", available through the CRAN repository ([www.r-project.org/](http://www.r-project.org/)).

Results {#sec017}
=======

Identifying sexual processes through DNA content transitions in the cross culture, and comparison with the clonal culture {#sec018}
-------------------------------------------------------------------------------------------------------------------------

The growth and sampling times of the *A*. *minutum* cross culture is shown in [Fig 1A](#pone.0142667.g001){ref-type="fig"}. Growth stopped at approximately 30000 cells mL^-1^, which was reached on day PS8, one day before sexual resting cysts were detected at abundances of 50--100 cysts mL^-1^. Maximum encystment was recorded on day PS15, when resting cyst densities reached 1500--2200 resting cysts mL^-1^.

The flow cytometry histograms for the four L:D cycles performed in the cross ([S1](#pone.0142667.s001){ref-type="supplementary-material"} and [S2](#pone.0142667.s002){ref-type="supplementary-material"} Figs) were used to quantify the various DNA content groups according to the peaks obtained in the control, which lacked the S phase \[[@pone.0142667.ref034]\] and were used to determine the position of the C and 2C peaks. This quantification are shown in [Fig 1B](#pone.0142667.g001){ref-type="fig"} as relative percentages of cells with a given DNA content. The main DNA content of the population during the light period was positioned as S phase (C→2C). The percentages of 2C and 4C cells followed a similar pattern, characterized by maxima during the dark period and minima during the light period. However, the opposite was true for C→2C and 2C→4C cells: Minima of cells in 2C stages were coincident with maxima of cells in C→2C stages whereas maxima and minima of 4C-stage cells were nearly coincident with the maxima and minima of cells in 2C→4C stages. The highest abundances of 2C-stage cells (\>50% of the population) occurred during the first three L:D periods ([Fig 1B](#pone.0142667.g001){ref-type="fig"}). During the third L:D period, cells in the 4C stage accounted for almost 25% of the population whereas during fourth and fifth L:D periods their abundance was lower (\~15%). At day PS8, during the eighth L:D period, the cell cycle pattern that characterized the 3^rd^-5^th^ L:D periods was clearly lost in that: (i) the percentage of the population remaining in the C stage during both light and dark periods was much higher; (ii) C→2C stages accounted for a large proportion of the cells but the pattern was not that seen in the first L:D period; and (iii) cells in 2C and 4C stages also lost their previously observed pattern, with their abundances remaining constant and accounting for only 10% and 5% of the population, respectively.

The detection of important percentages of 4C stages undoubtedly point to the existence of growth through sexual processes in the cross culture, which was defined by its ability for resting cyst production due to the presence of two sexual compatible clones. However, to understand the implications of these results within a growing population, we made in [Fig 2A and 2B](#pone.0142667.g002){ref-type="fig"} a comparison between clonal ([Fig 2A](#pone.0142667.g002){ref-type="fig"}) and cross ([Fig 2B](#pone.0142667.g002){ref-type="fig"}) cultures for the patterns of DNA content changes during the 2^nd^ and 3^rd^ L:D periods of the clonal culture (maximum growth rate) in comparison to the 3^rd^ and 4^th^ L:D periods in the cross culture (maximum zygote formation) respectively. All DNA content stages, unless the C cells during the first L:D period, followed a similar trend in the two cultures, confirming the L:D patterns described above for the cross culture. The only prominent difference was that cells in 2C and 4C stages reached much higher abundances in the cross culture. It is interesting that the difference was much bigger for the 4C stages, given that although cells in the 2C→4C stage comprised up to 15% of the clonal culture, the transition was not completed, given that the percentage of 4C-stage cells was almost insignificant (\<1%). This percentage contrasts to the value close to 25% reached in the cross culture. However, replication was not significantly completed as evidenced by the lack of 4C stages. Additionally, up to 2.3% of individual cells in the cross culture had 4C→8C DNA content, although cells with 8C DNA content were not observed. In order to further analyze the dynamics of each DNA content stage in relation to vegetative growth or sexual events, we provide in Tables [1](#pone.0142667.t001){ref-type="table"} and [2](#pone.0142667.t002){ref-type="table"} a summary of the maximum and minimum percentages of individual cells within a given DNA content stage and the number of cells in the cultures during each L:D period.

![Comparisons between clonal and cross cultures.\
Percentage of cells in each cell cycle stage in the clonal culture (A) vs. the cross culture (B) during two L:D periods as shown by a trend line and the standard error (gray-shaded area). The dark bars along the bottom indicate the dark period. (C). Box-and-whisker plots comparing cell areas in the cell phases of clonal vs. cross culture.](pone.0142667.g002){#pone.0142667.g002}

10.1371/journal.pone.0142667.t001

###### Estimated growth parameters during sexual induction (cross culture H5×H7, phosphate-limited medium) during days 3--9 post-synchronization (DPS).

![](pone.0142667.t001){#pone.0142667.t001g}

  DPS   Specific growth rate (K´)   Div. day^-1^   Max (%) 2C cells[^a^](#t001fn001){ref-type="table-fn"}   Min (%) 2C cells[^a^](#t001fn001){ref-type="table-fn"}   Max (%) 4C cells[^a^](#t001fn001){ref-type="table-fn"}   Min (%) 4C cells[^a^](#t001fn001){ref-type="table-fn"}   [^b^](#t001fn002){ref-type="table-fn"}Cysts. mL^-1^
  ----- --------------------------- -------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -----------------------------------------------------
  3     0.52                        0.75           56.1                                                     19.4                                                     24.3                                                     0.5                                                      0
  4     0.55                        0.80           51.0                                                     8.4                                                      12.4                                                     1.9                                                      0
  5     0.40                        0.57           53.3                                                     9.1                                                      15.8                                                     3.9                                                      0
  8     0.25                        0.36           8.4                                                      5.3                                                      2.8                                                      1                                                        0
  9     -0.16                       -0.23          \-                                                       \-                                                                                                                                                                         230±60

^**a**^Percentage values (%) only account for individual cells.

^b^The maximum number of resting cysts produced was recorded on day PS15 (1500--2200 cysts. mL^-1^).

10.1371/journal.pone.0142667.t002

###### Estimated growth parameters for exponential clonal growth (culture H7, replete medium) during days PS2-3.

![](pone.0142667.t002){#pone.0142667.t002g}

  DPS   Specific growth rate (K´)   Div. day^-1^   Max. (%) 2C cells [^a^](#t002fn001){ref-type="table-fn"}   Min. (%) 2C cells[^a^](#t002fn001){ref-type="table-fn"}   Max. (%) 4C cells [^a^](#t002fn001){ref-type="table-fn"}   Min. (%) 4C cells[^a^](#t002fn001){ref-type="table-fn"}   [^b^](#t002fn002){ref-type="table-fn"}Cysts.mL^-1^
  ----- --------------------------- -------------- ---------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------
  2     0.65                        0.94           52.8                                                       1.8                                                       0.6                                                        0.1                                                       0
  3     0.32                        0.47           25.8                                                       2.0                                                       0.8                                                        0                                                         0

^**a**^Percentage values (%) only account for individual cells.

^b^No resting cysts were detected during days PS1--15.

In the cross culture ([Table 1](#pone.0142667.t001){ref-type="table"}), cells in 2C and 4C stages reached their highest abundances (56 and 24%, respectively) between day PS3 and day PS5. Not all cells at the 2C stage moved to the 4C stage or returned to the C stage. Instead, a relatively large percentage (8.4--19.4%) remained in the 2C stage after the completion of each dark period, as indicated by the minimum percentage of individual 2C cells ([Table 1](#pone.0142667.t001){ref-type="table"}). By contrast, practically all cells in the 4C stage disappeared from one L:D period to the next, as indicated by the minimum percentage of individual 4C cells ([Table 1](#pone.0142667.t001){ref-type="table"}), which was always \<4%.

During fast clonal growth, and unlike the cross culture, 2C cells practically disappeared after each dark cycle ([Table 2](#pone.0142667.t002){ref-type="table"}). Although these cells had the highest rate of growth (0.94 divisions day^-1^ at day PS2) and grew twice as fast as the cross culture, the percentages of 2C and 4C cells were always lower in the clonal culture.

Following with the comparison between cross and clonal cultures, [Fig 2C](#pone.0142667.g002){ref-type="fig"} provides information on cellular surface during the two L:D periods compared. Differences for all DNA content stages can be seen. Although C-stage cells in the cross and clonal cultures had similar median areas, cells from the cross culture showed a greater dispersion towards smaller areas. Also, cells in C→2C and 2C stages were smaller in the cross culture. Only cells with a DNA content \>2C had larger areas in the cross culture.

Nuclear and chromosomal morphological changes: Sexual vs. asexual processes {#sec019}
---------------------------------------------------------------------------

### IFC {#sec020}

Images from the IFC and sorted cells are shown in [Fig 3](#pone.0142667.g003){ref-type="fig"}. The IFC images showed that C-stage cells had small, non-U-shaped nuclei ([Fig 4A](#pone.0142667.g004){ref-type="fig"}), although different nuclear condensation states were observed as shown between the sorted cells A1 and A2. U-shaped nuclei were typical of many 2C, 4C and higher DNA content individual cells ([Fig 3B--3D](#pone.0142667.g003){ref-type="fig"} and sorted cells B1, C2, D1, D2). However, other morphologies were also detected in the 2C DNA content group, in which we have summarized the other most common morphologies in three types, comprising "T", "V" and roundish nuclei (sorted cells B2-B4). These morphologies are related to gamete fusion ("T" and "V") and probably DNA replication (roundish nuclei, B4). 2- cell clusters belonging to the 2C DNA content category comprised different stages of vegetative division ([Fig 3B](#pone.0142667.g003){ref-type="fig"} lower panel, and sorted cells B5-B7), during which pairs of cells connected by a small amount of cytoplasm persisted. The IFC images and the cellular and nuclear areas allowed the discrimination of these cells from aggregates. We have used calcofluor to stain the sorted 2-cell clusters as in B7, C3 and C4, in order to show the relation between the nuclear morphology and the cytoplasmic division process, being the outer morphology of these cells typical of a cell dividing by desmoschisis. However, division by desmoschisis in 4C stages ([Fig 3C](#pone.0142667.g003){ref-type="fig"}, 2-cell clusters) has never been described before. Apart from their DNA content, there were found big differences in nuclear and cell size of individual and 2-cell clusters of 4C and 4C→8C stages ([Fig 3C and 3D](#pone.0142667.g003){ref-type="fig"}) compared with the previously described 2C stages, being observed how the U-shaped nuclei become thicker and the number of visible chromosomes is increased; notice for example the huge amount of chromosomes in [Fig 3D1 and 3D2](#pone.0142667.g003){ref-type="fig"}.

![IFC and cell sorting pictures.\
IFC images show cell and nuclear morphologies in cells with different DNA contents as seen using bright field microscopy and after blue (488 nm, nuclei in orange) and violet (405 nm, nuclei in red) laser excitation respectively. To the right of IFC images are shown sorted cells with the same DNA content as the cells shown by the IFC pictures (A, B, D + subscript). All cells have the nuclei stained with IP. 2-clusters were additionally stained with calcofluor (in blue) in sorted cells.](pone.0142667.g003){#pone.0142667.g003}

![High-power magnification (1000×) images of the mitotic process in the clonal and cross cultures.\
DNA DAPI staining (blue) and in situ hybridization of the Dy547-labeled oligonucleotide (CCCTAAA)^3^ used to localize telomeres (red) in *Alexandrium minutum* cells. Scale bars = 10 μm](pone.0142667.g004){#pone.0142667.g004}

Encystment was only observed in the cross culture. It started at day PS9 and reached a maximum at day PS15 ([Table 1](#pone.0142667.t001){ref-type="table"}). In addition to following the cells during the L:D periods studied every 2 h, we analyzed the DNA content at day PS15 in the sexual culture and detected resting cysts with 2C, 2C→4C, and 4C DNA content. Approximately 90% of the cells present in those peaks were resting cysts, identified morphologically by IFC ([Fig 3E](#pone.0142667.g003){ref-type="fig"}). The nuclei of resting cysts ranged from roundish to elongated but were only rarely U-shaped. The external morphologies of the cysts were the same as described by Figueroa et al. \[[@pone.0142667.ref034]\], either round or discoid, such that they appeared darker than the other cells.

### FISH {#sec021}

Nuclear and chromosomal morphologies were examined after FISH labeling for telomeric and ribosomal sequences. The haploid mitotic process was commonly observed during the dark cycle in both cross and clonal cultures and was characterized by wide chromosomal separation, as the chromosomes were pulled towards each cell pole ([Fig 4A](#pone.0142667.g004){ref-type="fig"}). There was a high degree of symmetry in the distribution of telomeres during division ([Fig 4A'](#pone.0142667.g004){ref-type="fig"} arrows), which occurred while the outer cellulosic thecal plates were still mostly intact ([Fig 4B](#pone.0142667.g004){ref-type="fig"}). Nuclear division was complete when the thecal plates were split between daughter cells ([Fig 4C](#pone.0142667.g004){ref-type="fig"}).

[Fig 4D--4G](#pone.0142667.g004){ref-type="fig"} show several processes in the cross culture directly related to the sexual cycle. Cells with nuclei as in [Fig 4D--4D'](#pone.0142667.g004){ref-type="fig"} were identified as planozygotes, which have very elongated U-shaped nuclei and distinctly separated chromosomes \[[@pone.0142667.ref034]\]. Cells with this nuclear morphology contained only a single nucleolus (arrow in [Fig 4D'](#pone.0142667.g004){ref-type="fig"}). An example of gamete nuclear fusion, as described by Figueroa et al. \[[@pone.0142667.ref020]\], is shown in [Fig 4E--4E´](#pone.0142667.g004){ref-type="fig"}. This picture shows chromosomal distribution through telomeres location during gamete fusion, adding information to the "T" and "V" nuclear morphologies described in [Fig 3](#pone.0142667.g003){ref-type="fig"}. All these morphologies fit the variable ways in which two U-shaped nuclei have been reported to fuse, as described in \[[@pone.0142667.ref020]\]. Cells with large, round nuclei and strongly separated chromosomes are shown in [Fig 4F and 4G](#pone.0142667.g004){ref-type="fig"}, suggesting a stage of DNA replication. These cells were very abundant in the cross culture during the dark period, and were similar to the morphologies observed by IFC in some of the individual cells shown in [Fig 3B](#pone.0142667.g003){ref-type="fig"}, and with a higher magnification in the sorted cell in 3B4.

Resting cysts with the typical external morphology of *A*. *minutum* cysts are shown in [Fig 4H--4K](#pone.0142667.g004){ref-type="fig"}. In contrast to the single wall of the cells, cysts were surrounded by a thick cell wall ([Fig 4H](#pone.0142667.g004){ref-type="fig"}, double arrows), a red spot (RS), and an irregular and flat surface with a thick coating of mucus. The different cysts nuclear morphologies ranged from small, compact, and non-U-shaped to bilobulated ([Fig 4I--4K](#pone.0142667.g004){ref-type="fig"}). Clumping of the telomeric signals evidenced in these nuclei a high degree of chromosomal compaction ([Fig 4K´](#pone.0142667.g004){ref-type="fig"}).

Discussion {#sec022}
==========

The cryptic way in which sex occurs in most dinoflagellate species poses a big stumbling block towards defining the relevance of sexuality within their life cycle. However, the main proliferative phase is considered asexual whereas the sexual phase is believed to be rare and restricted to the need to survive during adverse growth conditions through resting cyst formation. Theoretical models predict that rare sex in haploid eukaryotes can offer all the advantages of obligate sexuality at less cost, as low recombination rates could prevent genome deterioration, remove deleterious mutations and favor adaptation to drastically changing environments \[[@pone.0142667.ref040]\]. If this theory were true, dinoflagellates would fit this model and take profit of the advantages of sex performing it rarely and only due to the existence of very specific and stressful conditions. However, our data do not support this model and here we put forward a new one, which postulate sex within the dinoflagellate life cycle as a plastic route, more frequent than the expected from the production of resting cysts- from which is independent- and regulated by light conditions. As previously documented \[[@pone.0142667.ref041],[@pone.0142667.ref042]\], sexuality ended up yielding resting cysts in our experiments when nutrients were severely depleted. However, we show that earlier to that, encystment was routinely skipped via light-controlled planozygote division, which was evidenced by the detection during the dark period of a cellular shift in DNA content from 2C to 4C, a stage that was transformed later into 2C and C stages. We are not aware of any other report of light-dependent control over zygote division in any other eukaryote. What is the nature of this division? Unlike in other dinoflagellate genera, nuclear cyclosis, indicative of the occurrence of meiosis, has yet to be observed in *A*. *minutum*. However, our data on DNA content transitions point to meiosis as one of the processes involved in the planozygote division process. To clarify this aspect and why we think that planozygotes could also have a mitotic division, we will start this discussion proposing three possible life cycle and DNA content transition models (Mod1, Mod2, and Mod3; [Fig 5](#pone.0142667.g005){ref-type="fig"}). In Mod1, the diploid zygote undergoes mitosis, including a transition from (2C)→(4C) of DNA replication and division through (4C)→2(2C) shifts. In Mod2, zygotes after DNA replication undergo typical two-step meiosis, with a shift in DNA content of (2C)→(4C)→2(2C)→4(C). Mod3 consists of one-step meiosis in which there is no replication of chromatids; thus, the cellular DNA content undergoes a (2C)→2(C) transition. These three possible scenarios are discussed in detail in the following.

![Schematic diagram of the processes that may take place in *A*. *minutum* cells during the cell cycle.](pone.0142667.g005){#pone.0142667.g005}

Meiosis vs. mitosis {#sec023}
-------------------

That some type of meiosis occurs in dinoflagellates, and specifically in the species *A*. *minutum*, is well-established. Several reports focusing on the population genetics of blooms (e.g. \[[@pone.0142667.ref029],[@pone.0142667.ref028]\]) demonstrated sexual recombination in populations resulting from the germination of resting cyst deposits. Therefore, most evidence points to the resting cyst as the meiotic stage in dinoflagellates. Our data indicate that while meiosis in resting cysts (or upon resting cyst germination) is highly likely according to previous studies, meiosis and maybe also mitosis, does also occur during the division of planozygotes in a diel cycle never reported before.

A marker of sex in dinoflagellates is the presence of 4C cells, which only occur in zygotes \[[@pone.0142667.ref013],[@pone.0142667.ref043]\]. In our study, both 4C individual cells and 2-cell clusters in 4C stage were detected by IFC and conventional flow cytometry during the night period, disappearing under light conditions. Additionally, morphological evidences for planozygote formation and division in this study came from IFC and cell sorting and comprised: i) the detection of planozygote nuclei as described by Figueroa et al. \[[@pone.0142667.ref044]\] ([Fig 4D](#pone.0142667.g004){ref-type="fig"}), ii) morphologies related to gamete fusion (Figs [3B2 and 3B3](#pone.0142667.g003){ref-type="fig"} and [4E](#pone.0142667.g004){ref-type="fig"}, \[[@pone.0142667.ref034]\]) and DNA replication in 2C cells (Figs [3B4](#pone.0142667.g003){ref-type="fig"} and [4F--4G](#pone.0142667.g004){ref-type="fig"}), and 2-cell chains of 2C cells ([Fig 3C, 3C3 and 3C4](#pone.0142667.g003){ref-type="fig"}). Therefore, the existence of a division process in planozygotes during population growth, and as a regular daily cycle in synchronized cultures, is here for the first time proved. The next question we wanted to answer was if this division is meiosis or mitosis. Our DNA content analysis provides proof for meiosis. First, our data confirm the results of Figueroa et al. \[[@pone.0142667.ref034]\] for *A*. *minutum* and indicate that the remaining 2C population after each dark cycle (Min % of individual 2C cells in Tables [1](#pone.0142667.t001){ref-type="table"} and [2](#pone.0142667.t002){ref-type="table"}) is mainly comprised by planozygotes. This value includes a relatively large percentage of cells (8.4--19.4%) which remained in the 2C stage after the completion of each dark period, although practically all cells in the 4C stage disappeared from one L:D period to the next (\<4%, [Table 1](#pone.0142667.t001){ref-type="table"}). This conclusion is supported by a comparison between the cross ([Table 1](#pone.0142667.t001){ref-type="table"}) and clonal ([Table 2](#pone.0142667.t002){ref-type="table"}) cultures, as the number of 2C cells during the light period was much higher in the former. Second, the haploid-diploid turnover indicates meiosis: Cells in 2C and 4C stages reached up to 56 and 24%, respectively, in the cross culture ([Table 1](#pone.0142667.t001){ref-type="table"}). However, at day PS8, before encystment started, only 5.3 and 2.8% remained. The only way in which diploid cells could return to the haploid stage is through meiosis. In the case that zygotes were always dividing by mitosis, the resting cyst would be the only route through which the population could return to the haploid stage. Nevertheless, 4C and 2C cells progressively dropped down in the culture ([Table 1](#pone.0142667.t001){ref-type="table"}), being the number of 2C cells always much lower than the expected if we consider only mitosis and that 4C cells yield 2x2C cells the next L:D cycle. Therefore, we can conclude that at least some planozygotes do meiosis while dividing and skipping encystment.

Indeed, evidence for meiosis during planozygote division was previously presented in our past study using a different *A*. *minutum* cross \[[@pone.0142667.ref034]\], in which we however were unable to explain why the percentage of mobile zygotes in the cross culture decreased dramatically over time days before encystment was detected, as we expected zygotes to accumulate in culture until nutrient conditions trigger their encystment \[[@pone.0142667.ref041]\], except by those planozygotes with a deficiency of internal nutrients, which would remain as such \[[@pone.0142667.ref042],[@pone.0142667.ref045]\]. Our present results convincingly show that zygote replication and meiosis account for that dramatic decrease in the concentration of mobile zygotes in the cross culture, and therefore, both studies support the fact that sexuality does not reach its peak as previously thought when nutrient pools are exhausted and signal encystment, but rather much earlier, almost immediately after crossing (day PS3). One possible explanation for this behavior is that when nutrients are moderately rather than severely limited, rapid sexual recombination (i.e., faster than via a dormant stage) may be a better strategy for generating genetically variable offspring able to cope with the nutrient-limited environment. However, if nutrient conditions worsen, encystment may be the preferred if not the only alternative, as zygote division would be severely hampered by phosphate deficiency (e.g. \[[@pone.0142667.ref021]\]). This dual strategy may be especially useful in highly changing environments characterized by frequent nutrient fluctuations.

Nevertheless, we do not discard that planozygotes could divide also through mitosis. We think we have some evidences for it, as suggested by (i) the fact that division follows the same L:D pattern as haploid mitosis and (ii) the presence of double flagellated cells immediately after division. The second evidence, which has been reported several times in previous works including our own report in *A*. *minutum* (e.g. \[[@pone.0142667.ref020],[@pone.0142667.ref034]\]), has an explanation that comes from the fact that diploidy in dinoflagellates has been reported to be related to the presence of two longitudinal flagella, instead of the single flagellum of haploid vegetative stages. Therefore, the reports of two biflagellated cells as the first products of mobile zygote division in several species \[[@pone.0142667.ref046],[@pone.0142667.ref020],[@pone.0142667.ref021],[@pone.0142667.ref047]\], strongly suggest mitosis. This is because the first meiotic division is most commonly reductional, such that the first two cells should have a 2C DNA content but they are haploid, and consequently they should have one single flagellum. If the division process of mobile zygotes was mitotic, this would invalidate the established dinoflagellate life cycle model. According to Raikov \[[@pone.0142667.ref048]\], protists can be classified as haplonts (haploid vegetative stages, with meiosis occurring only in the zygote), diplonts (diploid vegetative stage and only the gametes are haploid), or biphasic or diplohaplontic (with alternating haploid and diploid generations both represented by vegetative, dividing forms). With the exception of *Noctiluca*, which is thought to be diplontic, all dinoflagellates examined thus far are haplonts \[[@pone.0142667.ref023]\]. We propose that *A*. *minutum*, and probably many other dinoflagellates with similar described mobile zygote division through biflagellated cell stages, e.g., *A*. *catenella* and *A*. *taylori* \[[@pone.0142667.ref046],[@pone.0142667.ref020]\] and *G*. *catenatum* and *G*. *nolleri* \[[@pone.0142667.ref021],[@pone.0142667.ref047]\], could be biphasic rather than haplontic (Mod1, [Fig 5](#pone.0142667.g005){ref-type="fig"}). A biphasic cycle would support the observations of Tillmann and Hoppenrath in mobile zygotes of *Polykrikos kofoidii*, who also proposed that planozygotes could divide both by meiosis and mitosis \[[@pone.0142667.ref022]\]. This behavior has been also described in yeasts, and for example, *S*. *pombe* zygotes undergo meiosis or mitosis depending on nutritional factors \[[@pone.0142667.ref049]\].

Furthermore, our data may give proof for a third cell behavior, which we hypothesize is DNA endoreduplication. DNA endoreduplication is described as a process in which chromosomes follow more than one replication cycle, but nuclei and cells do not divide \[[@pone.0142667.ref050]\]. This process could be evidenced in our experiment by the fact that even though the clonal culture produced 2C→4C cells, 4C cells were almost insignificant. The existence of this process is further supported by the fact that the same occurred in the clonal culture at the 4C→8C transition, given that although up to 3% of individual 4C→8C cells were observed, cells with 8C DNA content were not recorded. Endoreduplication is common in plants and animals to produce polytene or polyploid nuclei that provide a mechanism to increase the level of gene expression in response to certain physiological stresses \[[@pone.0142667.ref051]\]. Poliploidy has been observed before in long-established algal cultures \[[@pone.0142667.ref052]\], being suggested that the process could be the result of culture aging. In general, not all DNA fragments in an individual chromatid replicate to the same extent during polytenization. If local endoreplication of DNA exits, the nuclei do not reach total genome duplication. An additional explanation for the existence of 2C→4C cells in the clonal and cross cultures could be that self-mating is possible but that those zygotes do never complete its replication process due to self-sex barriers. Indeed, both processes (self-mating of gametes and endoreduplication) could co-occur.

In summary, our main and novel result is that planozygotes divide through a light-dependent and diel process, perform meiosis and maybe also mitosis, and that at both at the haploid and diploid level is observed unfinished genome duplication, which could correspond to endoreduplication. These conclusions conform a new life cycle model for dinoflagellates. In case the planozygotes also perform mitosis, we could wonder what would be the advantages and theoretical support of this new hypothetical model for dinoflagellates: A model in which they were haploids with rather frequent sex and biphasic. The condition of rare sex fits well in haplontic life cycles, as evolutionary models predict that the spread of haploidy within a population will be favored only when opportunities for genome mixing are rare. If sex were frequent, then the advantages of haploidy would be shared with those of diploidy, as the latter is less vulnerable to mutations and can compensate for those that are deleterious. Consequently, the balance would favor the diplontic cycle \[[@pone.0142667.ref053]\]. Evolutionary theories have been indeed incapable of incorporating a biphasic system, in which there is a balance between haploidy and diploidy. Thus, while the compensation of deleterious mutations in sexual populations favors diploidy, the purging of such mutations in less sexual populations favors haploidy. Some of the explanations behind the maintenance of a biphasic system which could be assigned to dinoflagellates, and include having a heteromorphic life cycle, in which haploid and diploid phases occupy different ecological niches \[[@pone.0142667.ref054]\], or living in rapidly changing environments \[[@pone.0142667.ref055]\]. Many dinoflagellates have both planktonic and benthic life cycle phases, the latter in the form of resting cysts, although the planktonic zygote shares its ecological niche with the vegetative stage. A biphasic life cycle in yeasts is advantageous in changing environments, in which nutrient levels determine whether haploids or diploids predominate \[[@pone.0142667.ref055]\]. Among unicellular protists, the plasmodial slime molds Foraminifera and some Prymnesiophycea and Myxosporidia are also biphasic (\[[@pone.0142667.ref048]\] and references therein).

From gametes to encystment: Gaining insight into the process of sexuality {#sec024}
-------------------------------------------------------------------------

In the following, we focus on the steps involved in the rather cryptic process of sexuality in *A*. *minutum*. As reported by Dapena et al. \[[@pone.0142667.ref056]\], immediately after division the population initiates DNA synthesis such that the main peak observed under light conditions is that of S phase. Those authors also reported differences in mean cell size during different cell cycle stages that could be distinguished from one another based mainly on nuclear size, which showed the largest variation. However, haploid phase cells became highly variable in size during sexuality, which was marked by the appearance of smaller cells than in the asexual culture. These small cells were probably gametes, which in dinoflagellates are usually morphologically identical to vegetative cells except that they are smaller (see reviews by \[[@pone.0142667.ref057],[@pone.0142667.ref058]\]). As some 2C stages are also the product of gamete fusion, the reduction in haploid size could explain the smaller size of the 2C-stage cells in the sexual culture. The latter finding was unexpected, because zygotes are often reported as being above average in size (e.g. \[[@pone.0142667.ref043],[@pone.0142667.ref059]\]). Our results suggest that this is not the case for all species and that size is not an appropriate proxy to identify zygotes, in agreement with earlier observations of *A*. *minutum* cultures \[[@pone.0142667.ref034]\] and with recent observations of field samples of *A*. *fundyense* \[[@pone.0142667.ref043]\]. It might also be the case that dividing zygotes and encysting zygotes differ in size, as, especially in species with long dormancy periods, encystment may require the extensive accumulation of nutrient reserves.

Conversely, cells in the 4C stage were larger in the sexual culture, which could reflect their greater frequency and therefore the larger number of such cells being measured. The day before encystment started, the L:D cycle of the cell phases practically disappeared, occurring in only 10% of cells in the 2C stage and 5% of those in the 4C stage. Encystment occurred in 6--7% of the population. Given that a sex rate of 5--10% was shown to yield the same advantages as 100% sex \[[@pone.0142667.ref040]\], this percentage of hypothetical meiotic cells would have been sufficient. However, our results suggest that encystment is more complex than previously reported because instead of exclusively diploid cysts, we detected resting cysts with a DNA content ranging from 2C to 4C, which we interpreted as the encystment of zygotes at different stages of their division cycle. Many planktonic dinoflagellates produce benthic-resting stages that allow them to colonize a new ecological niche, survive adverse environmental conditions in the water column, and disperse over long distances. The resting cysts of *A*. *minutum*, and those of most dinoflagellate species for which a sexual cyst has been described (e.g., see the review on the *Alexandrium* genus in \[[@pone.0142667.ref060]\]), are believed to be sexual and diploid. Resting cysts of *A*. *minutum* have a dormancy period of 1.5 months \[[@pone.0142667.ref034]\], which is presumably the amount of time needed to reach the physiological maturity required for germination, assuming that the environmental conditions are favorable. Since nuclear division does not start until the cells are ready to germinate, then planozygotes must be capable of encystment at any time during their division cycle. These observations support our previous conclusion that mobile zygotes can undergo meiotic division and confirm the resting cyst as also a meiotic place. According to both the growth estimates listed in [Table 2](#pone.0142667.t002){ref-type="table"} and the detection of resting cysts with a \>2C DNA content, one-step meiosis (Mod3, [Fig 5](#pone.0142667.g005){ref-type="fig"}) in *A*. *minutum* can almost certainly be ruled out. In case meiosis was one-step, the 4C cells would be exclusively formed by planozygotes performing mitosis.

Conclusions {#sec025}
===========

It is widely assumed that sex occurs at a constant rate in facultatively sexual species. However, the frequency of sex generally depends on the condition of the individual, a pattern found broadly across facultatively sexual prokaryotes and eukaryotes \[[@pone.0142667.ref061]\]. In dinoflagellate populations, sexuality, and thus the frequency of sex, is highly variable and depends on the genotypes present (e.g. \[[@pone.0142667.ref024],[@pone.0142667.ref034]\]), environmental conditions (e.g. \[[@pone.0142667.ref062],[@pone.0142667.ref063],[@pone.0142667.ref041]\]), and the time frame \[[@pone.0142667.ref064]\]. However, in this study we were able to show that sexual processes, are light-controlled similarly to the asexual division; and that they occur in a regular daily cycle in synchronized populations. Even if the division process of the planozygote remains to be fully characterized at the cytogenetic level, our results provide strong evidence for a previously unreported plasticity and complexity of the dinoflagellate life cycle, which involves sex and meiosis as a regularly occurring phase during population growth. Some evidences suggest that other processes as planozygote mitosis and cell endoreduplication may also occur. In any case, the previously unknown complexity of the cell cycle transitions presented here changes the paradigm of rare sex in dinoflagellates and offers a new peculiarity to the already unique dinoflagellates, as to our knowledge, also opens the range of possibilities for the regulation of facultative sex in eukaryotes.

Supporting Information {#sec026}
======================

###### DNA content groups in the cross culture during 3^rd^ to 5^th^ Light:Dark periods.

The control sample (in orange at the bottom of the graphs) lacked the S phase \[[@pone.0142667.ref034]\] and was used to determine the position of the C and 2C peaks. The DNA content of the population during the light period manifested as a single, wide peak identified as S phase (C→2C). During the dark period, it can be observed that the DNA content of the cells shifted both to the left (C stage) and to the right (2C and 4C stages) of this initial position. The presence of cells with 2C→4C and 4C DNA contents was unexpected in a population of haploid cells whose DNA content following replication should have increased from C to 2C, and then returned to the C DNA content through a round of mitotic division. Therefore, the detection of 2C→4C and 4C cells indicates that processes of planozygote formation and replication occurred from the beginning of the measurements and parallel to the regular asexual growth of the haploid population. Notice that in the fourth L:D period it is more clear the transition of the DNA content of some of the cells to the C stage based on the appearance of a defined peak to the left of the main peak, at 01:00 am.

(TIF)

###### 

Click here for additional data file.

###### DNA content groups in the cross culture during the 8^th^ Light:Dark period.

The control sample (in orange at the bottom of the graphs) lacked the S phase \[[@pone.0142667.ref034]\] and was used to determine the position of the C and 2C peaks. The eighth L:D period (S2 Fig) was chosen due to the detection at day PS9 of the first resting cysts in the culture and it was characterized by a general lost of patterns for all the different DNA content stages. Contrarily to the observed in the previous cycles, the population was positioned at the C stage during the light period and there was no significant variation between light and dark periods with respect to the proportion of cells with a ≥2C DNA content; rather the percentage remained almost constant, with only a small peak.

(TIF)

###### 

Click here for additional data file.
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